The impact of new interactions at very high energies on the spontaneous breaking of chiral symmetry in gauge field theories is studied. Described at low energies by higher dimension operators, these interactions can enhance the chiral condensate and even the Goldstone boson decay constant relative to the confinement scale. This can lead to important consequences in technicolor theories, including realistically large quark and lepton masses and the possibility of new physics at energies below the weak scale. In addition, small differences in strength of the four-fermion interactions, due say to isospin or flavor breaking, can be greatly magnified in the resulting quark and lepton mass spectrum.
In this letter, we summarize a study of the effect of new, high energy interactions on the dynamical breaking of chiral symmetry in asymptotically free gauge field theories, in particular technicolor theories. We will show that these interactions, described at low energies by higher dimension operators, can have an important effect on the mass scales that emerge from the breaking.
In asymptotically free theories, the running coupling oz (p) is strong at momenta on the order of the confinement scales Ac. It then decreases like 1/In(p) until it reaches some smaller value a(A ), where A is the cutoff beyond which the theory can no longer be used in isolation. The value of or(A) is determined by the unknown high energy physics that lurks beyond A. Dynamical chiral symmetry breaking, if it is driven purely by the gauge interaction, can only take place when o~ (p) exceeds some critical value otc [ 1 ] , expected to be reasonably strong ~l. Thus if ct (A) << otc, the breaking must take place at scales well below the cutoff and perhaps on the order of the confinement scale Ac. In QCD this is precisely what happens, and technicolor theories are expected to behave in a similar way. The Goldstone boson decay constants for each case are f~ = 93 MeV and F= O (250 GeV).
In either case, the new physics beyond A can be described at low energies in terms of effective higher dimensions operators. The dominant contribution at low energies should arise from dimension six, fourfermion operators. In technicolor theories, these operators (ETC interactions) [3 ] ~2, treated as perturbations to the dominant technicolor gauge interactions, give rise to quark and lepton masses, pseudoGoldstone boson masses, and typically to flavor-~ There is some evidence, however, that the ladder expansion may be reasonably convergent for ot = O (ctc); see ref. [ 2 ] . ~2 For a recent review of technicolor see ref. [4] . changing neutral currents among the quarks and leptons.
Without some GIM-type mechanisms, they must be suppressed by taking A to be at least several hundred TeV, leading to a potential problem for technicolor theories: Quark and lepton masses are given by re(q, ~)~ (g2/A2)(~l~), where g2 is a dimensionless coupling strength and (@q/) is the technicolor condensate, naively expected to be of order A 2. These masses then turn out to be no more than a fraction of an MeV. This difficulty can be mitigated in technicolor theories with a walking coupling [ 5 ] ~3, in which (~?~u) can be enhanced by up to nearly two orders of magnitude [8] ~4. Even this effect, however, does not seem adequate to produce a realistic quark and lepton mass spectrum.
The essential point of this letter is that the higher energy, four-fermion interactions can also have an important direct effect on chiral symmetry breaking in gauge field theories, both walking and normally running, leading for example to realistically large quark and lepton masses. If these interactions are strong enough, they cannot be treated as perturbations to the gauge interactions. Instead, they must be included in the gap equation that governs the breaking and they can dramatically affect the mass scales that emerge. That four-fermion interactions can drive dynamical breaking has of course been known since the classic paper of Nambu and Jona-Lasinio [ 10 ]. If they begin to dominate the dynamics in the present framework, however, the low energy expansion could be breaking down and even higher dimension operators could then play a role. As we present our results, we will discuss this point. For economy, the discussion from here on will be in the context of technicolor.
To begin, we neglect flavor symmetry violation. The technifermions together with their technicolor and ~3 The idea of raising the fermion condensate was first discussed by Holdom [6 ] . To achieve this he imagined that the theory might have an ultraviolet stable fixed point. In an effort to understand monojet events once suggested by the UAI group at CERN, he also examined slowly running theories [ 7 ] to try to produce a hierarchy between the confinement and chiral breaking scales. A qualitative picture of how S(p), and also F and the condensate (~'), depend on the four-fermion strength Z-g2/2n: is not difficult to come by. For very small 2, the physics will be dominated by the technicolor interaction. X(p) will be of order Ac for p~Ac. For p>>Ac, it will fall with increasing p at a rate roughly between 1/p and 1/p2 depending on the rate of running of the coupling. The integral expression giving F in terms ofX(p) and leads to a value of Fon the order of At. The condensate depends sensitively on the running and can vary from being roughly of order A 3 (ordinary running) to up to two orders of magnitude larger (very slow running). Suppose next that 2 is very large, corresponding to the existence of new strong interactions among the technifermions at energies of order A. If the gauge interaction is neglected, chiral symmetry breaking will take place only for ).-g2/2n2> 1. If). is well above 1, the gauge interaction can be treated as a perturbation and L'(p) will turn out to be of order A (>>A~) and essentially independent ofp. In this limit, F=O(A) and < V~) = O (A 3). This of course is a completely unphysical limit from the point of view of technicolor. For the reasons described above, a hierarchy at least of order 10 3 must be maintained between F and A. It is also a limit in which the low energy expansion breaks down since the physics is taking place dominantly at the cutoff, and the above estimates are not reliable in detail.
It is the range of intermediate values of). that is of interest for technicolor theories. We have studied the evolution ofFand < ~u> throughout this range, both analytically and numerically ~7. For most of the range, Z(0) <<A, and an analytic treatment is possible because the integral equation can be linearized for p, k >> 27(0 ). The analytic treatment can then be supplemented numerically for all )l. The numerical results for a typical case, an SU(4) gauge theory with the number oftechnifermions varied to adjust the rate of running of the gauge coupling ~8, are displayed in table 1. It is only the orders of magnitude of these results and their sensitivity to/l that are important. The main features of both the analytic and numerical results are the following:
( 1 ) For essentially any rate of running, the fourfermion term makes a relatively small contribution to 27(0) for most of the range of 2 between 0 and 1. ~7 A corresponding analysis for fixed gauge coupling ot has been described in ref. [ 12 ] . There, a critical curve in the a, 2 plane, that defines the onset of chiral symmetry breaking, is depicted. An intuitive understanding of chiral symmetry breaking when the coupling a runs can be obtained by referring to this curve. Details will be discussed elsewhere. ~s The lowest order expression for the fl function is used here simply to illustrate the effect of different rates of running. Higher order effects are considered in refs. [5] [6] [7] . and F remain essentially unchanged and of order Ac.
The condensate, however, increases substantially throughout each range. The increase from the 2 = 0 value is at first modest, but it is at least three orders of magnitude near the end of each range. In the intermediate running case, the condensate is O (A c 3) in the absence of the four-fermion interaction, corresponding to a quark or lepton mass on the order of one MeV. The condensate then increases by nearly an order of magnitude by the time 2 reaches 0.7 and by more than another two orders of magnitude in the range between 0.7 and 0.85. At the end of the range, a quark or lepton mass exceeding 1 GeV is generated. In the case of very slow running, the additional effect of the four-fermion interaction can produce a dramatically enhanced condensate within the above range. Near the end, quark and lepton masses in the range of 5-10 GeV can be generated.
(3) In each of the above cases, Z(p) remains small compared to A, and < @V>/A 3 << h This suggests that with ,t restricted to the above ranges, higher dimension operators will lead to even smaller contributions to 27(p) and that the low energy expansion will remain valid ~9 (4) For any rate of running, as 2 is increased beyond the ranges described above, some dramatic effects set in. The changes are very rapid and by the time 2 exceeds unity, the theory becomes unphysical for technicolor purposes. Consider the intermediate running case (b-Sb)ac~0.4. As 2 increases from 0.85 to 0.92, F grows from being somewhat less than Ac to being several times larger. Since F is the fixed weak scale of the theory, this means that the technicolor confinement scale drops below the weak scale. ~9 This will presumably require only that the dimensionless coupling strength of the higher dimension operators, normalized to A, is no larger than 2. Table 1 The results of a numerical investigation ofchiral symmetry breaking, in an SU(4) theory with N,=8,16,20 fermion flavors, are tabulated for various values of the four-fermion coupling A=g2/2n2. The gauge and fermion contributions to the p-function are given by b=44/ 67r and 6b=Nr/3n, respectively. Since there are N,/2 weak doublets, F=250 GeV(N,I2)-'12. WithAz2500TeV, A/g>A/(2n2)"'z600 TeV. The dynamical technifermion mass is X(O) and the size of Z(A) is a measured of the rate of fall of Z(p). To normalize F relative to T;(O) and A,, we have used the relation as described in footnote 8, which is accurate for the high momentum components. We note that this expression underestimatesf, in QCD by roughly a factor of two. In the numerical solution of eq. ( 1 ), confinement dynamics is approximated crudely by allowing a(p) to plateau at a(A,)=2.50(, for p6A,. For&<p<2X(O), a(p) evolves according to p(a)= -ba', and for pa 2.X(O) it evolves according to j?(a) = -(b-66) ti2. The output numbers, in particular the dependence on the rate of running and on I, are high momentum phenomena and not terribly sensitive to the low momentum approximation for a(p). For values of 1 small enough so that A, and Z(0) remain essentially unchanged relative to A, a+!) remains constant. For larger values of A, our procedure leads to a small decrease in cu(,4). This, however, does not play an important role in the resuhs for fermion masses or for the F/A, hierarchy. In the final column. dFCis the two fermion-two technifermion coupling. It is perhaps reasonable to assume dwzl. The resulting light physics would consist of relatively narrow tech&glueballs which could be produced at existing or soon-to-exist accelerators. With ,i = 0.92, for example, the technicolor confinement scale drops to roughly 20 GeV, compared to F=90 GeV, C( 0 ) = 120 GeV, and the condensate is large enough to produce a quark or lepton mass greater than 50 GeV. In general, a fermion mass large enough to ac-commodate the t quark emerges in the range of 2 values that can lead to physics below the weak scale. While the low energy expansion still appears to remain valid for 2 in this range, the results are becoming more sensitive to physics at A. It will be important to explore this sensitivity in more detail.
A natural question is whether there is an expected range of values of 2 in technicolor theories. It is clear from table 1 that substantial condensate enhancement, due partly to the four-fermion interaction, occurs for reasonably large range of 2 especially if there are enough fermions to slow the running of the coupling somewhat. An enhancement large enough to produce a t quark mass and light techniglueballs, on the other hand, emerges only for a narrower range of 2 values nearer to unity.
In this letter, we offer only a few general remarks on expectations for the size of 2. If the four-fermion interactions are due to ETC boson exchange, it would not be unreasonable to speculate that 2 should be of order a (A), the technicolor coupling at the ETC scale. This would be expected if these interactions become unified at A. In the SU (4) examples of table 1, a (A) ranges between 0.2 and 0.35, somewhat less than the "interesting" range of values of).. On the other hand, 2 contains factors depending on the unified theory and therefore not present in the technicolor coupling c~(A). Because the unified group is larger than the technicolor group, these factors might be expected to be larger than unity. This will be examined in more detail in a future publication.
Whatever the source of the four-fermion interactions, it should be clear from the above analysis that a viable electroweak theory does not seem possible if 2> 1. This could prove to be a stumbling block for theories in which the four-fermion interactions are imagined to arise from a composite structure for the fermions and technifermions.
While the appearance of fermion masses up into the GeV range is welcome, the problem of producing a realistic quark and lepton mass spectrum remains. In technicolor theories, the mysteries of the large hierarchies in the mass spectrum get shifted into the effective four-fermion interactions among the technifermions and the quarks and leptons. It should be clear from the above analysis, however, that this mapping can be far from linear. In particular, a small breaking of weak isospin or flavor symmetry in the four-technifermion couplings can be considerably magnified in the quark and lepton mass spectrum.
We have studied this magnification effect in more detail in a simple two-coupling example constructed from the SU (4) theory by including Nr= 16 technifermions divided into two families of eight. With fourtechnifermion couplings 2 ~ and 22 for the two families, a variety of hierarchies will appear depending on the relative size of 2, and 22. In particular, for 2 ~ << 22 < 1, F2 and -r2 (0) can be on the order of the weak scale while G, Z~ (0) and the confinement scale can be smaller. Thus, there could be some relatively light technimesons and baryons along with light techni-gluebalis. A smaller difference between 2 ~ and 22 will keep all the above scales on the order of the weak scale and yet still lead to a large ratio between the condensates of family one and family two. If each technifamily then couples to an ordinary quark-lepton family, a large family hierarchy for the quark and lepton masses will emerge. An important point is that this hierarchy can develop without a hierarchy of ETC scales, but instead from modest coupling differences at a single ETC scale.
The large amount of weak isospin breaking in the quark and lepton mass spectrum poses a special problem for technicolor theories. Not only must a sufficiently large t-b quark mass splitting be generated, but this must be done in a way that does not overly infect the experimentally measured p parameters ~,o. The fact that p-1 =M2/M 2 cos 2 0w-1 < 10 -2 ~", means that very little weak isospin violation can be allowed in p. We have begun an analysis of this problem by including an isospin violating fourfermion coupling 23 along with the symmetric coupling 2. To lowest order in electroweak interactions, p=F~/F~, where F_+ and Fo are the decay constants for the charged and neutral Goldstone bosons. A weak isospin violating deviation of this ratio from unity will be induced by the ,~,3 interaction, but unless it becomes quite strong, it will not violate the above experimental constraint. Nevertheless, a somewhat smaller 23 can induce a healthy isospin violation in the condensate, leading to realistic up-down fermion mass splittings. Whether the t-b splitting can be ac~o This point has been stressed in a recent paper by Chivukula [131. "" For a recent review see ref. [ 14 ] . commodated using the same value of A and without upsetting the p parameter is not yet clear.
Finally, it is worth remarking that small amounts of weak isospin breaking will be induced by the electroweak interactions. The magnification effect we have described could then mean that these small increments to the four-fermion couplings could produce large weak isospin splitting in the quark and lepton mass spectrum. QCD effects could be magnified in a similar way, leading to important contributions to quark-lepton mass differences ~2. There will be analogous contributions to the masses of possible pseudo-Goldstone bosons. In general, the new interactions at scale A, if they are strong enough, can add to and magnify the contributions of standard model gauge interactions to the mass parameters of the standard model and its extensions. ~t2 It has also been pointed out by Holdom that in the presence of a slowly running technicolor coupling, QCD contributions to quark-lepton mass differences can be enhanced [ 15 ] . He also noted that symmetry breaking effects at the ETC scale could produce condensate hierarchies for technifermions when the gauge coupling runs slowly. Our analysis shows that this can happen for normally running theories as well, when the four fermion coupling is sufficiently strong.
